Abstract-Multielement cathodes are increasingly used for advanced coatings, yet most cathodic arc plasma measurements have been reported for pure element cathodes. In this contribution, we measure the charge state distributions of aluminum and chromium ions from Al-Cr composite cathodes of different Al to Cr ratios. The arc discharges are pulsed, with pulse duration of around 300 µs and currents of 175 A, operated at high vacuum and in gases with a pressure of up to 1.3 Pa of Ar, N 2 , and O 2 . For comparison with literature data, the measurements also included the plasma compositions of discharges using pure Al and Cr cathodes. As expected, the charge distributions are found to be affected by the cathode conditions, the type of gas, and the pressure of the gas into which the arc spot plasma is expanding. Generally, large effects of gas are observed when the pressure exceeded 0.1 Pa, which can be mainly associated with the ions' mean-free path with respect to charge exchange collisions. Differences between ions can be attributed to the energy-and species-dependent charge-exchange cross sections. Considering different cathode compositions, we found that Cr ions tend to have lower charge states from the composite cathodes compared with the pure element cathode, whereas Al ions are relatively unaffected by the cathode composition. Despite the wealth of detailed experimental results, it is difficult to discern trends and rules that could be generalized because measured data involve a convolution of cathode phenomena and gas collisional effects.
I. INTRODUCTION

I
N THE past two decades much effort was made to study the distribution of the ion charge states in the vacuum arc plasma of nearly all metals in the periodic table, see, for example, experiments in [1] - [3] , a theoretical consideration [4] , [5] , and a recent review [6] ; many more references will be cited later in this paper. In addition to these ion charge state distributions (ICSDs) under rather basic conditions, the effects of the arc current level, the strength of an optional magnetic field, the pressure and kind of background gas, and the distance from the plasma-producing cathode spot are investigated in great detail (for an overview, see [6] - [8] ). Most of the work was done with single-element cathodes to study the fundamental effects and, most likely, to keep the complexity of the experiments manageable. However, with the advent of multifunctional thin films and coatings, many deposition processes employ alloy or composite cathodes to provide the multiple elements for the synthesis of compound films. Information about the plasma characteristics of alloy or composite cathodes is limited. Sasaki and Brown [9] studied the ICSDs of compound and alloy cathodes and observed an averaging effect in the ICSD in case of nitride, carbide, or oxide compounds. As a rule, elements with high mean charge states suffer a reduction of the fraction of multiply charged ions, whereas for the species with low mean charge state the fraction of multiply charged ions rises. A similar effect was reported by Savkin et al. [10] analyzing the plasma properties of different Cu alloys. According to their proposed model, the increase or decrease in the highest charge states of the specific elements is related to the electron temperature in the cathode spot plasma. However, in another study by Sasaki et al. [11] no pronounced variations of the ICSDs of Ti and Hf from alloy TiHf cathodes were noticed when varying the composition covering the entire compositional range. The latter results could be theoretically reproduced by Schülke and Anders [12] . Recently, Adonin and Hollinger reported on much higher Bi charge states when using composite Bi-Cu cathodes compared with when using elemental Bi [13] . Neutral metal vapor plays a critical role as pointed out in several studies [6] , [13] , [14] . An investigation of alloying effects in TiAl-filtered arc plasma by Bilek et al. [15] revealed that the charge states of Al are insensitive to changes in the composition up to a Ti content of 75 at.%. The Ti charge states, on the other hand, showed an increase in the fraction of Ti 2+ while the fractions of Ti + and Ti 3+ are reduced with increasing Al content in the cathode. The small but measurable fraction of Ti 4+ remained largely unaltered.
Another factor that needs to be considered is the effect of the background gas on the cathodic arc discharge. Gases such as N 2 and O 2 are intentionally added during the deposition process to synthesize nitride and oxide thin films or coatings. Spätke et al. [2] provided an overview of the effect of different gases like H 2 , He, N 2 , O 2 , Ar, and Xe on single-element cathodes, namely Al, Cu, Fe, Mo, Ta, Ti, and Ni. In all cases, the presence of gas resulted in a decrease of the mean charge state as the fraction of multiply ionized metal particles was reduced at a certain pressure level. Similar dependencies were reported by Oks and Yushkov for Al cathodes in O 2 [16] as well as by Aksenov and Khoroshikh for Ti cathodes in N 2 atmosphere [17] . The temporal development of the charge states of Al in O 2 and of Zr and Cr in N 2 were studied by Schneider et al. [18] and Rosén et al. [19] , [20] , respectively.
The aim of this paper is to study the influence of the atmosphere on the cathodic arc plasma of AlCr cathodes, i.e., combining the effect of background gases like Ar, N 2 , and O 2 with the variation of the cathode composition. The system AlCr is chosen as it is of significance in the field of hard coatings where nitrides and oxides are commonly synthesized in reactive processes employing N 2 and/or O 2 as background gas during deposition [21] - [23] . Even though these deposition processes are widely used in industry, there is a lack of knowledge about the fundamental plasma properties like the ICSDs that are addressed within this paper.
II. EXPERIMENTAL DETAILS
All measurements are done in a vacuum arc ion source of MEVVA-V type [1] applying a time-of-flight (TOF) massto-charge spectrometer. A sketch of the device is shown in Fig. 1 . In such an ion source, metal arc plasma is produced in pulses, and ions are extracted from the plasma through a multiaperture extraction grid system. Plasma pulses with a length of 300 μs and a repetition rate of 2 Hz were ignited by a high-voltage flashover over a ceramic between trigger electrode and cathode. The arc current during the pulse is set to 175 A (all experiments are also performed with 150 and 200 A, but presentation of data in this paper is limited to 175 A). The arc source with a 6.25-mm diameter cathode rod is mounted on a movable alumina rod that allowed for adjusting the distance between the source and the extraction grid where the ion beam for the TOF spectrometer is generated. The distance and the extraction voltage are kept constant at 11 cm and 40 kV, respectively. Previous experiments, where the distance varied between 7 and 19 cm, revealed only a minor influence of this parameter on the ICSDs of Al and Cr [24] . The TOF gate pulse with a duration of 80 ns is triggered ∼150 μs after arc pulse ignition. This 80-ns ion beam sample then propagated freely to the detector, a magnetically suppressed Faraday cup placed 1.05 m from the gate. The Faraday cup recorded the ion current as shown in Fig. 2 . The magnetic suppression refers to a magnetic field, transverse to the ion beam direction, which guides secondary electrons back to the collector surface. In this way, the measured currents represent true ion currents. The cathodes used for the present investigation comprise single-element Al and Cr cathodes as well as composite cathodes prepared by powder-metallurgical methods with Al/Cr atomic ratios of 75/25, 50/50, and 25/75. The composite and the single-element Al cathodes are manufactured by pressing and forging of Al and Cr powder mixtures at high pressure and high temperature. The Cr cathodes are prepared by hot isostatic pressing at temperatures above 1000°C. In all cases, a high material density of at least 99% of the theoretical density is achieved. With this set of cathodes, the entire compositional range in the Al-Cr system is covered.
During operation of the cathodic arc discharge, no magnetic field is applied on the cathodes allowing for a random motion of the cathode spot(s). The residual background pressure is typically 8 × 10 −5 Pa. It increased to 1.3 × 10 −4 Pa when the arc discharge is ignited owing to the release of adsorbed gas from the chamber walls. Prior to the measurements of the ICSDs, a pressure calibration with two independent pressure gauges was performed to determine the pressure in the vicinity of the cathode, i.e., before the formation of the ion beam at the extraction grids. The gauge near the cathode showed an approximately 10 times higher pressure than the gauge connected to the main chamber. Due to the applied high voltage at the source, only the latter gauge is available for pressure readings during operation of the vacuum arc ion source and the TOF spectrometer. Therefore, in a simplified approach, all pressure values measured at the main chamber are multiplied by a factor of 10, and these values are used throughout this paper to provide an estimate for the pressure near the cathode. Hence, vacuum conditions (no intentionally added gas during the arc discharge) within this paper are characterized by a pressure of 1.3 × 10 −3 Pa. The process gases Ar, N 2 , and O 2 are added up to a maximum pressure of 1.3 Pa, hence covering three orders of magnitude in gas pressure.
Typical ion current spectra recorded with the Faraday cup detector are shown in Fig. 2 . Due to their mass-to-charge ratio, the signals of Al + and Cr 2+ overlap at the given time resolution of the TOF spectrometer. A separation of these peaks is done by first fitting Gaussian profiles to the signals of Al 2+ , Al 3+ , Cr + , and Cr 3+ ions present in the spectrum (solid lines in Fig. 2 ) to determine their flight time. With the massto-charge ratios of all ions, the flight times of Al + and Cr 2+ are calculated and used as fixed values for a second fitting step that also included the peak comprised of the signals of these two ions (dashed lines in Fig. 2 ). Subsequently, each ion charge state current is divided by its ion charge state number to obtain the ion particle fractions as discussed in the following sections. Cr 4+ ions, that make up a fraction of 1% in the ICSD of Cr under vacuum conditions according to [26] , were not considered within this paper.
III. RESULTS
A. Discharges in Vacuum
In the first step, the ICSDs of Al and Cr are measured in vacuum to study the influence of the cathode composition. According to Fig. 3(a) , the charge states of Al are basically independent of the variation of the Al content in the cathode. The main fraction of the ions is Al 2+ with 50%-60%, followed by Al + with about 35%-40%. The highest charge state of Al is Al 3+ with a fraction in the range from 5% to 10%. These ion fractions result in a mean charge state of ∼1.7 for the Al ions from all cathodes studied. In case of Cr, there is a clear difference between the single-element and the composite cathodes. Generally higher charge states are encountered for the single-element cathode resulting in a mean charge state of 2.15. With the addition of Al to the cathode, this value reduces to around 1.9 and remains constant for all composite cathodes. This reduction in the mean charge state is mainly caused by a decrease of the Cr 3+ fraction from around 25% to 5%-10%. As a consequence of this decrease, the ion fractions of Cr + and Cr 2+ rise from ∼10% to ∼15% and from ∼70% to ∼80%, respectively.
All ICSDs in Fig. 3 are obtained from 25 single-pulse ion current spectra, i.e., from recording each spectrum individually. This allows us to determine ICSDs averaged over the measured pulses, the standard deviation for each charge state, and the mean charge state. It has been pointed out in the literature that the plasma parameters in the highly dynamic cathodic arc plasma are not constant but fluctuate [27] , [28] . The fluctuation depends on the cathode material [29] . In the case of Al and Cr single-element cathodes, the larger standard deviation of the Al charge states revealed greater fluctuations than the charge states of Cr. For the latter, even though the charge states are reduced by the addition of Al to the cathode, the standard deviation remains rather constant indicating that also the fluctuation remains constant. However, the calculated standard deviation is a convolution of fluctuation and measurement error. Especially in the case of the composite cathodes, the peak separation procedure induces an additional error which is very pronounced for the Al charge states of the composite cathodes. We therefore believe that the increase in the standard deviation of the Al charge states obtained for the composite cathodes as compared with the standard deviation for the single-element Al cathode is mainly because of an increase of the measurement error. The fluctuations remain 
B. Discharges in Inert Atmosphere
To study the influence of a background gas on the ICSDs of Al and Cr, the inert gas Ar is added to the arc discharge. Since no reactions between Ar and the elements present in the cathode can be expected, changes of the ICSDs are caused by collisional processes as the metal plasma expands away from the cathode surface.
As shown in Fig. 4(a) , the Al mean charge state remains constant at low Ar pressures up to 3 × 10 −2 Pa for all tested cathode compositions. With further increasing Ar pressure, it reduces from ∼1.7 to 1.0 at around 1 Pa. This evolution is a result of a decrease in the fractions of Al 2+ and Al 3+ as shown in Fig. 4(c) . It can also be noticed that there are no significant differences in the Al ICSDs from the single-element and the composite AlCr(50/50) cathodes.
In contrast to Al, the ICSDs of Cr remain constant up to a higher Ar pressure [see Fig. 4 to a further rise of the Cr + fraction, especially in the case of the composite AlCr(50/50) cathode. The Cr mean charge state of the composite cathodes reaches a value of 1.0 at the maximum pressure studied within this paper, 1.3 Pa, whereas it remains at ∼1.4 in case of the single-element cathode.
C. Discharges in Reactive Atmosphere
For the synthesis of nitride or oxide coatings, it is common to introduce the reactive gases N 2 or O 2 to the deposition chamber. These gases can alter the ICSDs due to collisional effects similar to Ar, however, additionally, reactions on the cathode surface lead to the formation of a compound layer that will also alter the plasma conditions in or near the cathode spot.
1) Nitrogen: Figs. 5(a) and (b) show the mean charge state of Al and Cr with increasing N 2 pressure and varying cathode composition. In general, the evolution for both elements is very similar to the evolution in Ar atmosphere.
The Al mean charge state again starts to be reduced from ∼1.7 at 3×10 −2 Pa to 1.0 at the maximum pressure. A detailed analysis of the individual Al charge states, as shown in Fig. 5(c) , reveals that the reduction of the mean charge state is a result of decreasing Al 2+ and Al 3+ ion fractions. This decrease seems to occur at slightly lower pressures in the case of the composite AlCr(50/50) cathode, but in general the evolution of the Al plasma is similar for both cathode types.
The reduction of the Cr mean charge state with rising N 2 pressure appears to proceed again in two steps. As shown in Fig. 5(d) , the fraction of Cr 3+ ions starts to be reduced at 3×10 −2 Pa and the fraction of Cr + increases correspondingly. The latter further rises at about 1 × 10 −1 Pa as now also the Cr 2+ fraction decreases. The reduction of the charge states in the plasma of the composite AlCr(50/50) cathode occurs at lower N 2 pressures than in case of the single-element Cr cathode. This evolution results in a Cr mean charge state of 1.0 for the composite and of 1.4 for the single-element cathode at the maximum pressure of 1.3 Pa. is a measurement artifact, most likely caused by the peak separation procedure in these cases. Such deviation is not observed for the other arc currents that are studied (not shown), which gave very similar ICSDs to ones shown in this paper. The evolution of the Cr charge states in O 2 atmosphere, however, differs from the evolution seen in Ar and N 2 . The reduction of the mean charge state occurs at a pressure of about 1 × 10 −1 Pa [see Fig. 6(c) ], which is lower than in the cases of Ar and N 2 . This evolution is caused by an earlier decrease in the Cr 2+ fraction that starts simultaneously with the reduction of the Cr 3+ fraction [see Fig. 6(d) ]. The reduction of the Cr charge states from the composite AlCr(50/50) cathode occurs at lower pressures than when using the singleelement cathode. However, in both cases the Cr mean charge is reduced to 1.0 at the maximum pressure studied, 1.3 Pa.
IV. DISCUSSION
A. Processes in Gas Atmosphere
The mean-free paths of the atoms and ions are important parameters quantifying the effect of a gas atmosphere on the plasma composition caused by collisions. For a rough estimate, we assume a typical collision cross-section σ = 10 −15 cm 2 [30] , [31] to calculate the mean-free path
The gas density n can be obtained from the equation of state of the ideal gas
where k B is the Boltzmann constant. At a pressure p = 0.1 Pa and a temperature T = 300 K, the mean-free path is ∼40 cm and, hence, comparable with the chamber size. We assume that most of the collisions altering the ICSDs occur between the cathode and the extraction grid that are 11 cm apart. The pressure in the main chamber is significantly lower as described in Section II. Collisions that occur there most likely prevent the colliding ion from reaching the TOF detector. Since only few collisions occur at pressures lower than ∼ 0.01 Pa, the ICSDs of Al and Cr remain constant. Changes in the ICSDs are observed above this threshold, i.e., in the range from 0.01 to 1 Pa. At high pressures, when the mean free path is smaller than the chamber size, elastic and charge exchange collisions are responsible for the slow-down of plasma flow and changes in the plasma composition. Beilis and co-workers [31] considered such collisions for the case of copper plasma flowing into a background gas of He, Ar, or N 2 , and found that "critical pressures" exist above which the ion current to a substrate is greatly affected by the background gas. The effect depends on the mass ratio of background gas atoms (or molecules) and ions, with lighter background gas having less effect. Therefore, Beilis and co-workers concluded, a lighter gas has a higher critical pressure, and in the case of helium background they determined a pressure as high a 10 Pa. Beilis and co-workers consider in their work a hot refractory anode vacuum arc, but we focus on cathodic arcs with background gas. Elastic and charge exchange collisions play important roles in all cases. In our experiment, though, cathode composition and cathode surface effects are overlaid, making the interpretation of data more difficult. In general, we find that the "critical pressure" for Cr and Al are somewhat lower than those observed for copper by Beilis and co-workers.
Elastic and charge exchange collisions are of interest when studying ICSDs in dependence on background gas. Charge exchange between metal ions and gas molecules or atoms is unlikely, i.e., the cross sections for such collisions are smaller than the cross sections for charge exchange collisions between particles of the same element (in this case between metal ions and metal atoms). Possible production mechanisms for metal neutrals are discussed in [32] . In addition to evaporation from hot regions of the cathode surface and from macroparticles, nonsticking plasma ions interacting with surfaces were identified. In other words, fully ionized plasma is a source of metal neutrals as ions are neutralized at surfaces.
Reliable and precise values for the cross sections of interest appear not to be available in literature, and therefore we follow the arguments presented in [16] using an approximate formulae by Smirnov [30] . Charge exchange collisions result in a stepwise reduction of the charge state of the higher charged ion. The cross section commonly increases with charge state number [33] , [34] , which explains that the fraction of multiply charged ions starts to be reduced first when increasing the background pressure [8] . We note that a resonant charge exchange collision, i.e., M + + M → M + M + , does not alter the ICSD of the plasma.
Another process that could affect the charge state is the recombination of metal ions with plasma electrons. The importance of this mechanism seems to be disputed. According to Sakaki and Sakakibara, recombination is the dominate process [35] , however Oks and Yushkov noted that it cannot play a substantial role within the studied pressure and plasma density range [16] . In fact, a recombination collision is in most cases a three-body collision, where a gas molecule or atom serves as the third body [8] , which is necessary to simultaneously satisfy energy and momentum conservation laws. The probability for such collisions increases with rising pressure, but it is small for the pressure range of interest.
Elastic collisions have two effects: 1) they scatter ions from their path thereby slowing the plasma flow and reducing ion flux arriving at substrates or detectors, and 2) collisions between energetic metal ions and gas particles result in a decrease of the kinetic energy of the metal ion. This leads to an increase in the cross section of charge exchange collisions between metal particles and, hence, an alteration of the metal ICSD.
Ionization of the background gas itself due to charge exchange collisions with metal ions has been ruled out as mentioned above and, in fact, basically no ionized gas particles are noticed during the measurements. It was found that in absence of a magnetic field, as it is the case in this paper, no significant ionization of gas molecules or atoms takes place [16] . This indicates that background gas ionization is mainly due to electron impact since the presence of a magnetic field forces the electrons to gyrate and in this way strongly increases the likelihood for ionizing collisions with gas particles. Such a behavior is true for close-to-steady-state conditions with a relatively long time delay after arc ignition, in the present case 150 μs. A considerably greater amount of ionized gas molecules in the first 50 μs of arc pulses was reported by Schneider et al. for Al in O 2 [18] and by Rosén et al. for Zr in N 2 atmosphere [20] .
All collisional processes with charge exchange, that are active as described above, are basically independent of the nature of the background gas and, in fact, the change of the ICSDs with increasing pressure is generally comparable for all metal-gas combinations studied. The evolution of the charge states as a function of the gas pressure within this paper agrees well with data in [16] , [18] , [19] , and [36] . The observed differences must originate from processes near the cathode surface, i.e., during ignition of a cathode spot and initial expansion of the produced plasma.
B. Processes in Cathode Spots
A reactive background gas influences the formation of cathode spots due to the formation of a compound layer on the cathode surface, which is commonly referred to as cathode poisoning. In case of the typically used metal cathodes and the reactive gases N 2 and O 2 , such a layer reduces the conductivity and promotes ignition of new "type I" cathode spots, in contrast to "type II" spots normally encountered on clean metal surfaces [8] , [37] . The fast travelling "type I" spots leave smaller erosion craters than the slow "type II" spots that are usually held responsible for the formation of the major fraction of macroparticles or droplets in cathodic arc evaporation. In contrast, in the inert gas atmosphere of Ar, poisoning of the cathode surface is absent and all alterations of the ICSD with increasing gas pressure are entirely due to collisional effects as the plasma flows away from the cathode region. The fact that the Al ICSDs in N 2 and O 2 are very similar to the ICSD in Ar indicates that poisoning of the Al cathode does not play a significant role in the studied pressure range. This also holds true for Cr in N 2 atmosphere. Major changes for the ICSD of Cr are observed in O 2 as the reduction of the charge states occurred at lower gas pressures as compared with the onset-pressures of Ar and N 2 . Poisoning effects, i.e., the formation of Cr oxides on the cathode surface, appear to be responsible for the difference in this case.
Another aspect in the evolution of the Al and Cr ICSDs is the influence of the cathode composition. The reduction of the Cr charge states in vacuum conditions can only originate from processes in the cathode spot due to the absence of a gas background. Intermixing of Al and Cr in the composite cathodes should trigger the formation of intermetallic phases as reported in [38] and [39] . If these phases have different cohesive energies than pure Al and Cr, then they might alter the ICSDs according to the cohesive energy rule established for single-element cathodes [4] , [6] , [40] . Furthermore, the reduced mean charge state of Cr for Al-containing cathodes suggests a lower cohesive energy of the intermetallic phases than the cohesive energy of Cr. In case of TiHf alloy cathodes, only a weak influence of the composition on the ICSDs of Ti and Hf is noticed [11] . However, a similar behavior to the AlCr cathodes was reported by Bilek et al. studying TiAl cathodes with varying Al content [15] , namely, it was found that the Al charge states are basically insensitive to the presence of Ti, whereas the fraction of Ti 2+ increased at the expense of Ti + and Ti 3+ when Al was added to the cathode. The authors concluded that the properties of Al are decisive for the discharge even at a relatively low Al content of 25 at.%, but no information on possible phase changes on the cathode surface was provided.
A model to predict the averaging effect in alloy or composite cathodes was introduced by Savkin et al. who considered the electron temperature T e of the elements to determine the ionization in the cathode spot [10] . An averaging of the individual electron temperatures leads to an increase/decrease in the higher charge states. This is in agreement with the reduction of the Cr charge states in the plasma of the composite cathodes as Cr presents a T e of 3.4 eV, which is higher than Al with T e = 3.1 eV [4] . The practically unchanged level of the Al charge states with variation of the cathode composition remains unexplained and could even indicate that the electron temperature is not averaged between Al and Cr, but suggests an electron temperature determined by Al.
At first glance, the electron temperature model can also not explain the strong increase in the mean charge state from 1.06 for pure Bi to 3.94 for a Bi-Cu alloy with 10% Cu as reported by Adonin and Hollinger [13] . Anders and Yushkov, however, pointed out that the mean charge state of Bi is strongly influenced by the evaporation of neutrals during the pulsed arc discharge [14] . Through extrapolation, they determined the mean charge state of Bi in the beginning of the pulse to be 2.56 as compared with ∼1.1 at the end of the pulse when many more neutrals were available for charge exchange collisions. A similar consideration for Cu gave a mean charge state in the beginning and at the end of the pulse of 3.20 and 2.10 [32] , respectively. These values are still lower than the value reported by Adonin and Hollinger for the Bi-Cu alloy, but clearly show the importance of metal neutrals in the recorded ICSDs.
In addition, the electron temperature model does not consider possible changes of the phase structure due to mixing of two elements. The addition of 10% Cu to Bi, e.g., increased the melting temperature from 272°C to about 730°C which allowed for the use of arc currents as high as 900 A without melting the Bi-containing cathode [13] . Combining the electron temperature model with the cohesive energy rule including the cohesive energies of the intermetallic phases and the electron temperatures in their plasmas might improve the predictability of the ICSDs of alloy or composite cathodes.
V. SUMMARY AND CONCLUSIONS
The investigations of the charge state distributions of Al and Cr ions in cathodic arc plasmas from composite cathodes were motivated by the increasing use of composite cathodes for hard and wear-resistant coatings, among other applications. To be most relevant to industrial applications, cathodic arcs were operated not only in vacuum but in often-used gases, such as argon, nitrogen, and oxygen. Cathode composition, gas type, and gas pressure were the main variables for measurements of ICSDs using a TOF spectrometer.
The results were affected by a convolution of cathode conditions and changes caused by the gas present. Thus we can summarize.
1) Gas Effects:
We see the well-known decrease of charge states as ions produced at cathode spots travel from the cathode. The gas effects became very pronounced when the pressure was around 0.1 Pa at a constant characteristic length of ∼0.1 m (distance between cathode and ion extraction grid). At a pressure of around 1 Pa, most multiply charged states have disappeared, which can generally be attributed to charge exchange and other collisions. When oxygen was present, the changes were more pronounced and occurred at lower pressure than with argon and nitrogen, which is not only an effect of collisions in the gas but caused by oxidation of the cathode.
2) Cathode Composition Effects: There is evidence that the elements of a composite cathode form an intermetallic compound on the surface, thereby gradually erasing the memory how the cathode was produced. Looking at the central point of this paper, the plasma composition on different cathodes having different Al to Cr ratios, we found that the Cr ion charge states were slightly reduced by the presence of Al, whereas the Al charge state were almost unchanged by the presence of Cr. The influence of the cathode composition was overall rather small; we quantify the charge state distribution in various graphs and stress that the effects of gas are overwhelmingly larger than the influence of the cathode composition when the gas pressure is 0.1 Pa or greater.
